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We report a comprehensive ARPES study of NaFeAs, a prototypical parent compound of the Fe-based super-
conductors. By mechanically detwinning the samples, we show that in the nematic phase (below the structural
transition at Ts = 54 K but above the antiferromagnetic transition at TN = 43 K) spectral weight is detected
on only the elliptical electron pocket along the longer aorth axis. This dramatic anisotropy is likely to arise
as a result of coupling to a fluctuating antiferromagnetic order in the nematic phase. In the long-range ordered
antiferromagnetic state below TN , this single electron pocket is backfolded and hybridises with the hole bands,
leading to the reconstructed Fermi surface. By careful analysis of the kz variation, we show that the backfolding
of spectral weight in the magnetic phase has a wavector of (pi,0,pi), with the c-axis component being in agree-
ment with the magnetic ordering in NaFeAs observed by neutron scattering. Our results clarify the origin of
the tiny Fermi surfaces of NaFeAs at low temperatures and highlight the importance of the three-dimensional
aspects of the electronic and magnetic properties of Fe-based superconductors.
The dome of unconventional superconductivity in the phase
diagrams of Fe-based superconductors usually appears once
the stripe antiferromagnetic order found in the parent com-
pounds is suppressed. This proximity has inspired many
works which use a spin-fluctuation pairing mechanism to ex-
plain the relatively high Tc superconductivity in these materi-
als [1, 2]. However this picture is challenged by the existence
of a distinct “nematic” phase in compounds such as NaFeAs,
characterised by a tetragonal-orthorhombic structural transi-
tion of the lattice and twofold symmetry of the electronic
structure, but without static magnetic order [3, 4]. This led to
some suggestions that there is a separate symmetry-breaking
instability of orbital order [5], which was supported by an ap-
parently large energy scale for dxz−dyz orbital splitting in de-
twinned ARPES measurements of BaFe2As2 [6] and NaFeAs
[7, 8]. However the origin of the nematic phase is still not set-
tled, with other groups proposing a magnetically-driven ‘spin-
nematic’ state characterised by strong antiferromagnetic fluc-
tuations with a chosen direction but finite magnetic correla-
tion length [9–11]. Thus it is important to continue to look
for new insights in the parent compounds of the Fe-based su-
perconductors, especially in systems where the nematic and
magnetic phases can be distinguished such as NaFeAs.
NaFeAs is a prototypical parent compound of the Fe-based
superconductors, with a tetragonal-orthorhombic structural
transition at Ts = 54 K, and a magnetic transition at TN =
43 K. A superconducting dome reaching a maximum Tc ≈ 20
K is found upon doping with Co [9, 12], Ni [13] or Rh [14]
on the Fe site. While not exhibiting ordering temperatures
as high as BaFe2As2 (Ts ≈ TN ≈ 134 K [15]) or LaFeAsO
(Ts ≈ 165 K, TN ≈ 145 K [16]), it offers a convenient test bed
for ideas about the nematic phase due to the relatively large
temperature separation of Ts and TN . Moreover the system is
well-suited for ARPES measurements as large and high qual-
ity single crystals are available that may be reliably cleaved to
yield flat non-polar surfaces, similar to its well-studied sister
compound LiFeAs [17, 18]. Previous ARPES studies of de-
twinned NaFeAs samples focused on the different dispersions
observed close to the M¯X and M¯Y points below Ts [7, 8]. This
was interpreted as evidence for a dxz − dyz orbital splitting
on a large ∼30-40 meV energy scale, similar to pioneering
measurements of detwinned BaFe2As2 [6]. For some time,
this apparent orbital splitting was considered to be a hallmark
of the nematic phase [19]. However recent high-resolution
detwinned measurements of FeSe were interpreted in quite
a different scheme [20], making it important to re-examine
whether the famous dxz − dyz orbital splitting around the M¯
points was really a robust conclusion in NaFeAs.
In this paper we report extensive ARPES measurements of
twinned and detwinned NaFeAs. By detwinning the sam-
ples we show that the most distinctive feature of the nematic
phase is that despite the expectation of observing two crossed
elliptical electron pockets expected at the M point, ARPES
measurements only find spectral weight on the elliptical elec-
tron pocket which is directed along the longer aorth axis of
the orthorhombic structure. Since this dramatic anisotropy
of the spectral weight cannot be explained by any orbital or-
der parameter, we attribute it to a coupling with strong but
not static antiferromagnetic fluctuations in the nematic phase.
Correspondingly, the different dispersions observed along Γ-
MX and Γ-MY are interpreted as a consequence of this “one-
ellipse” structure, and are not a signature of dxz − dyz or-
bital polarisation as was previously thought. In the magnetic
phase, we show that this single electron-like ellipse is back-
folded and hybridises with the hole bands, leading to the re-
constructed Fermi surface, which includes tiny pockets with
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2Dirac-like dispersions. By careful analysis of the kz varia-
tion of the pockets, we show that the magnetic backfolding
has a wavector of (pi,0,pi), with the c-axis component being
in agreement with the magnetic ordering in NaFeAs inferred
from neutron scattering measurements [3]. Our results hint
indirectly at a strong role for antiferromagnetic correlations
in the nematic phase, show the origin of the tiny Fermi sur-
faces of NaFeAs at low temperatures, and emphasize the im-
portance of considering the kz-dependence of the electronic
and magnetic structures of Fe-based superconductors.
METHODS
Samples were grown by the method reported in Ref. [14].
ARPES measurements were performed at the I05 beamline at
the Diamond Light Source [21] using linear horizontal (LH)
and vertical (LV) polarisations. The photoelectron energy and
angular distributions were analyzed with a SCIENTA R4000
hemispherical analyzer. The sample remained in a vacuum of
< 2 × 10−10 mbar throughout the measurements. The angu-
lar resolution was 0.2◦, and the overall energy resolution was
better than 10 meV in all measurements. Since NaFeAs is
a very air-sensitive material, samples were prepared in a dry
argon glove box and transferred into the measurement cham-
ber without any exposure to air. In this paper we label high-
symmetry points in the Brillouin zone by their formal labels
in the crystallographic 2-Fe unit cell in the tetragonal phase.
The direction of the tensile strain determines the orientation of
the longer aorth axis. In the detwinned measurements in the
nematic or magnetic phases we distinguish the M points along
the (antiferromagnetic) aorth and (ferromagnetic) borth axes
as MX and MY respectively, while we use only M for twinned
measurements. Similarly, the axis labels kx and ky are defined
with respect to the aorth,borth axes, while for twinned data
we use k. In some data sets where the photon energy does not
correspond to a high-symmetry point in kz we use the notation
M¯X,Y. The 1-Fe unit cell notation is used for wavevectors.
The parent phases of Fe-based superconductors naturally
form orthorhombic twin domains when cooled below Ts.
Since the size of the domains is usually much smaller than
the beam spot, a normal ARPES measurement would observe
a superposition of spectra from the two domains [22]. How-
ever it is known that the application of a modest strain along
the Fe-Fe direction can promote the volume fractions of one
of the domains [23], and thus it is possible to effectively probe
the electronic structure of a single domain by measuring sam-
ples under strain [24]. In our experiment, samples are put
under tensile strain on a horseshoe-shaped device described
in Ref. [20].
RESULTS
In Fig. 1(a,b) we present ARPES measurements of NaFeAs
with and without a uniaxial strain applied to the sample. For
the measurements at 60 K at the Γ point, the Fermi surface
appears to consist of a single hole pocket, with a second “in-
cipient” [25] band with a maximum just below the Fermi level.
The observed Fermi surfaces are substantially smaller than the
predictions of DFT, which is commonly observed in Fe-based
superconductors [18] and may be related to significant non-
local interactions [26] or inter-band scattering [27]. In ad-
dition, the dispersions also have significant bandwidth renor-
malisations compared with DFT predictions (e.g. see Fig. 4)
and a crossover to incoherent excitations at higher binding
energies has been previously reported [28–30], similar to re-
sults in FeSe [31, 32]. All of this points to the influence of
strong electronic correlations in shaping the overall spectral
function of NaFeAs, though here we focus on the evolution of
the quasiparticle dispersions.
The measurements of the electron pockets are strongly
modulated by non-trivial matrix element effects [33]. Al-
though there has been some controversy, the highest-
resolution recent results in LiFeAs [18], FeSe in the
tetragonal phase [34], and slightly overdoped tetragonal
NaFe0.978Co0.022As [28] have shown that, at least at some op-
timal photon energies and geometries, ARPES measurements
in the tetragonal phase can observe a Fermi surface consisting
of two crossed ellipses, corresponding to the expected band
structure of the 2-Fe unit cell. However in many geometries
and incident beam conditions only one of the ellipses domi-
nates the photoemission intensity, as is the case in the 60 K
Fermi surface maps presented in Fig. 1(a,b), where the sides
of the vertical ellipse are observed most clearly. Neverthe-
less there is an additional arc-shaped feature on the left hand
side of the Fermi surface map which is a contribution from the
horizontal ellipse, as indicated schematically.
At 60 K the applied strain on the sample in Fig. 1(b) ap-
pears to have little effect, compared with an unstrained sam-
ple in Fig. 1(a). Although it is likely that some anisotropy of
the spectral function could be induced by the application of a
sufficiently large strain when the sample temperature is close
to Ts, in a similar spirit to the induced resistivity anisotropy
observed in transport measurements under strain above Ts
[8, 35], it appears that in our measurement we are not in a
regime where such an induced effect can be reliably detected.
In the twinned measurements at 45 K in the nematic phase
shown in Fig. 1(c), the Fermi surface map varies only subtly
from the 60 K data, showing evidence for two slightly elon-
gated ellipses at the M¯ point. However the measurements of
the detwinned sample in Fig. 1(d,e) reveal a remarkable re-
sult: in one domain, ARPES measurements only observe spec-
tral weight on one elliptical electron pocket oriented along the
longer aorth direction. In Fig. 1(e) almost the whole of one
elliptical electron pocket oriented along the aorth axis is de-
tected at M¯X, with no evidence for the horizontal pocket along
borth. The sample is rotated by 90◦ in Fig. 1(d) [36], where
now only the left-most end of the horizontal electron pocket
is observed clearly in this measurement geometry, but this is
consistent with only the ellipse along aorth having spectral
weight (although since the degree of detwinning is not 100 %
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FIG. 1. Fermi surface maps obtained at 42 eV in LH polarisation of (a) unstrained and (b) strained NaFeAs samples at 60 K in the tetragonal
phase. Red double-headed arrows indicate the direction of the uniaxial tensile strain on the sample, which will correspond to the longer
aorth direction in the nematic and magnetic phases. Schematic Fermi surfaces are drawn in red, with the line thickness representing the
photoemission intensity in this particular measurement geometry (see also SM). The schematic Fermi surfaces also take into account data
obtained in LV polarisation (not shown here, but see Fig. 5 and SM), where some of the bands are better observed due to selection rules. (c-e)
Equivalent measurements at 45 K in the nematic phase and (f-h) at 7 K in the magnetic phase.
here, a small remnant intensity on the other ellipse from the
minority domain population can be detected). Further mea-
surements of detwinned samples in LV polarisation, presented
in the Supplemental Material (SM) [37], show that the tips
of the ellipses with dxy character also obey this “one-ellipse”
structure.
In Fig. 1(f-h) the low-temperature Fermi surface maps re-
veal that the onset of antiferromagnetic or spin-density-wave
(SDW) order has a strong impact on the observations, with
backfolded features appearing in the spectra below TN [38].
Hybridization with the backfolded features gaps out large sec-
tions of the Fermi surfaces, leaving a Fermi surface at both the
Γ and M¯ points containing characteristic bright “spots”. These
are actually tiny quasi-2D pockets with Dirac-like dispersions
[39]; when the Fermi surface is reconstructed by the mag-
netic order, hybridisation is forbidden by symmetry along the
high-symmetry directions [40, 41], enforcing a “nodal spin-
density wave” phase. The Dirac points lie on the high sym-
metry axes, a few meV below the Fermi level (Fig. 2(b-iii)).
These tiny pockets with electron-like Dirac carriers can be
associated with the large negative Hall effect and enhanced
magnetoresistance observed in the magnetic phase [12, 42].
Thus the Fermi surface at Γ at low temperatures includes
four tiny Fermi pockets. The tiny pockets along aorth have
a greater separation than the pockets along borth, giving a
characteristic rhombus-shaped constellation of bright spots in
the Fermi surface maps. In addition there is a small ellipti-
cal pocket seen around the Γ point; the three-dimensionality
of this pocket will be discussed later. Due to the selection
rules which strongly modulate ARPES measurements of Fe-
based superconductors, not all the bright spots are always ob-
served in any given measurement. For instance, in Fig. 1(h),
the four bright spots can be clearly observed near M¯X, while
in the other sample orientation in Fig. 1(g), only the left-most
of the four bright spots has significant intensity. This low tem-
perature Fermi surface varies slightly from the determination
of Zhang et al [8] and is consistent with the low tempera-
ture Fermi surface inferred from the quasiparticle interference
measuerements of Rosenthal et al [11].
In Fig. 2(a) we present the Γ-M¯ dispersions as a function of
temperature. Near the M¯ point the LV polarisation highlights
the end sections of the Fermi surface with dxy orbital charac-
ter; the slight increase in kF at lower temperatures is an indi-
cation that the elliptical electron pockets elongate slightly in
the nematic phase. At the Γ point this polarisation highlights
a band with predominantly dyz orbital character. At 60 K the
top of this band lies just a few meV below the chemical po-
tential, but as the sample cools this band moves up and creates
a 3D Fermi surface. This can also be seen from the plots of
the EDCs at Γ divided by the Fermi distribution function in
Fig. 2(f). In the magnetic phase in Fig. 2(a-iii), a new feature
emerges at the Γ point, corresponding to backfolded spectral
weight from the electron pocket dispersions.
The remaining data in Fig. 2(b-d) are obtained with LH po-
larisation, on twinned and detwinned samples. In the previous
detwinned ARPES studies [7, 8] similar data was reported,
and attention was drawn to the band dispersions slightly away
from the M¯ point, which we highlight by plotting the EDCs at
k=-0.87 A˚ in Fig. 2(g). Here, at 60 K in the tetragonal phase
there is a single, quite broad peak, which appears to split into
two once the system enters the nematic phase; a third sharp
peak from the backfolded outer hole band appears only the
magnetic phase. Previously, this apparent splitting, reaching
36 meV at low temperatures, was considered to be a direct
consequence of orbital order: it was suggested that in the ne-
matic phase the dxz and dyz orbitals lose their degeneracy,
thus the band dispersions towards M¯Y and M¯X with dxz/yz or-
bital character become non-equivalent, manifesting as a split-
ting in measurements of twinned samples. Despite the addi-
tional complications of backfolded features in the magnetic
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FIG. 2. High-symmetry cuts in the Γ-M¯ direction, corresponding to the geometry used in Fig. 1. (a,b) Measurements of twinned samples, in
LV and LH polarisations respectively, at i) 60 K in the tetragonal phase, ii) 45 K in the nematic phase and iii) at 6 K in the magnetic phase. Inset
zooms in on the band crossing, indicating a Dirac point located ∼5 meV below EF on the Γ− M¯X line. (c,d) Measurements of detwinned
samples along Γ− M¯Y and Γ− M¯X respectively, schematically represented in (e,i). (f) EDCs at the Γ point, showing that the inner hole band
crosses EF . (g,h) twinned and detwinned EDCs at k=-0.87 A˚, corresponding to the dashed lines. X and Y refer to the EDCs obtained from
Γ− M¯X and Γ− M¯Y respectively. Features labelled with red arrows and “bf” correspond to backfolded features in the magnetic phase.
phase, the underlying separate band dispersions can still be
seen. Since very similar effects were claimed in BaFe2As2
[6] and a study of detwinned FeSe [43], this “orbital splitting”
as determined by (detwinned) ARPES measurements has be-
come widely regarded as a hallmark of nematic order.
However, there are some shortcomings of this scenario. For
instance, although a large 30-40 meV energy scale has been
claimed for this splitting [7, 8], no such large energy scale is
observed at the Γ point, and it seems large compared with Ts
= 54 K ≈ 5 meV. Additionally, one has to assume that the
second band with dxy character which is expected to disperse
from Γ-M¯ does not contribute to the measurement, i.e. that
ARPES does not observe all the bands. Yet we have shown
that at 60 K the full Fermi surface consisting of two crossed el-
lipses may be observed, including sections with dxy character,
and recent measurements of FeSe have shown that this second
band clearly does contribute brightly to the dispersions in this
geometry in the tetragonal phase [34, 44]. Instead, we suggest
that the distinct dispersions seen in NaFeAs along Γ−MX
and Γ−MY in Fig. 2(c,d) are actually a natural extension
of the “one-ellipse” structure in the nematic phase. We have
already shown that only the elliptical Fermi surface oriented
along the aorth pocket is observed by ARPES, and moreover
this extends to the occupied states, where only half of the ex-
pected dispersions near the M¯ point have spectral weight in
the nematic phase - the dispersions which are necessary to
constitute one elliptical Fermi surface.
Let us develop this a little further. In the tetragonal phase,
one would expect to see two bands with dxz and dxy orbital
character dispersing from Γ-M¯ - the hole-like dispersions in
Fig. 2(e). We suggest that both bands contribute to the mea-
surement at 60 K in the tetragonal phase in Fig. 2(b-i), but
they are unresolved since their separation is less than the en-
ergy resolution; the complex lineshape of the EDC observed
in Fig. 2(g) with a ’shoulder’ at low binding energy hints that
this is likely to be the case. Then, in the nematic phase,
the “one-ellipse” structure kicks in, and correspondingly the
dispersion at lower binding energy is observed along Γ-M¯X
and the deeper dispersion is observed along Γ-M¯Y. We note
that this is a completely distinct effect from any orbital split-
ting. On top of this, the bands do have an increased sepa-
ration (not a splitting) in the nematic phase, related to the
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FIG. 3. Twinned and detwinned measurements at the M point, using
47 eV photons. a) Low temperature Fermi surface map of a twinned
sample, b) high-symmetry cut in LV polarisation, c) curvature plot of
the data from (b). d) Schematic bands, here overlaid over measure-
ments obtained in LH polarisation. Backfolded features are marked
in orange color. (e-i) As (a-d), but for the two different sample ori-
entations of a detwinned sample. The direction of tensile strain is
indicated by the red double-headed arrows. (m-x) Equivalent mea-
surements at 45 K in the nematic phase and (y-zc) at 60 K in the
tetragonal phase.
elongation of the Fermi surface and an indication that there
exists some form of nematic or orbital ordering on a ∼10-
15 meV scale (not 30-40 meV), but we emphasize that the
primary result of the measurements is the “one-ellipse” struc-
ture, with correspondingly one dispersion observed from M¯
towards Γ in the occupied states. This is schematically shown
in Fig. 2(i). While non-intuitive, these observations exactly
mirror the recent result of high-resolution detwinned ARPES
measurements of nematic FeSe [20]. We therefore suggest
that the one-ellipse structure of the observed spectral weight
may be generic to all Fe-based superconductors which enter
the nematic phase.
In Fig. 3 we present further ARPES spectra, now focusing
only on the electron pockets at the M point. The low temper-
ature Fermi surface consists of four tiny pockets appearing as
bright spots, since the electronic structure is backfolded and
reconstructed. However since hybridisation does not occur on
the high-symmetry directions, the high-symmetry measure-
ments in Fig. 3(b-d) mainly probes the spectral weight from
the underlying electron pocket dispersions, with additional
features from backfolded hole bands. For the twinned sample
in Fig. 3(b-d), the curvature analysis helps to reveal four (non-
backfolded) band dispersions including two bands extending
up to EF , resembling ARPES spectra in overdoped NaFeAs
[28]. However the detwinned measurements in Fig. 3(e-l) re-
veal that actually only two dispersions are observed in one do-
main. Thus despite the complication of magnetic backfolding
and reconstruction of the Fermi surface, the high-symmetry
cuts at M again reveal that the underlying band dispersions
correspond to only one (now reconstructed) elliptical pocket
along aorth.
At 45 K, the features are significantly broader, but the cur-
vature analysis helps to show that four band dispersions con-
tribute in the twinned sample, shown in Fig. 3(n-p). These
four band dispersions correspond to the two crossed ellipses
which we draw in Fig. 3(m), however at the Fermi level the
intensity of the outer dispersion becomes quite low, mean-
ing that the Fermi surface map is dominated by the horizon-
tal ellipse. In the detwinned geometry in Fig. 3(q), only this
horizontal ellipse oriented along the aorth direction is ob-
served, and correspondingly two dispersions are seen in the
high-statistics cut in Fig. 3(r-t). Upon rotating the sample in
Fig. 3(u-x) the spectral weight is predominantly on the vertical
ellipse - although here there is a contamination of the signal
from the minority orthorhombic domain near the Fermi level
due to the intrinsically lower intensity of the outer band dis-
persion from the majority domain. Thus also in this measure-
ment geometry, the “one-ellipse” observation of the electron
pockets is the defining feature of the nematic phase.
At 60 K, in the tetragonal phase, the spectra in Fig. 3(y-
zc) become rather broad, making it hard to distinguish sepa-
rate band dispersions (SM). However we believe that all four
expected band dispersions contribute to this spectrum in the
tetragonal phase, even if the EDCs are too broad to directly
show the separation of bands. This scenario would be con-
sistent with the observations of FeSe in the tetragonal phase
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FIG. 4. Analysis of kz variation of NaFeAs. (a) Plot of the EDC at normal emission as a function of photon energy. Data were obtained in LH
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NaFeAs according to DFT. While the experimental electronic structure of NaFeAs varies substantially, DFT correctly captures the formation
of a 3D hole pocket centred at Γ.
[34, 44].
Backfolding of spectral weight by (pi,0,pi)
We now change focus and discuss an issue which has been
previously overlooked in ARPES measurements of NaFeAs:
the kz component of the backfolding. Firstly, we experimen-
tally determine the kz dependence in the tetragonal phase, by
plotting the variation of the EDC at normal emission as a func-
tion of photon energy at 60 K in Fig. 4(a). The spectrum is
dominated by a broad peak at ∼ 200-250 meV, corresponding
to the dz2 orbital weight. In the corresponding DFT calcu-
lation in Fig. 4(b) it is predicted that there should be a pair
of bands, but due to a significant imaginary component of the
self energy at these binding energies [30] only one broad peak
is observed experimentally. As is well-known, the variation
of the photon energy in ARPES measurements allows one to
effectively measure at different kz , and the periodic variation
of the dz2 feature is a convenient feature from which we infer
appropriate photon energies for the Γ and Z points, broadly
consistent with Refs. [45–48].
DFT calculations for NaFeAs also predict another band
which disperses rather strongly along kz , passing through the
Fermi level along the Γ-Z line, as shown in Fig. 4(b). This
band, with largely Fe dz2 and some As pz character has been
previously observed in LiFeAs [18] and is detected in our
data, being especially clear around 50-60 eV in Fig. 4(a).
The dispersion of this band is not universal in Fe-based su-
perconductors, for instance the band remains above the Fermi
level in FeSe [49], but the existence of a similar band in
Fe(Te0.55Se0.45) is proposed to be responsible for the band
inversion and related topological character and surface states
in that system [50, 51]. The presence of this kz-dispersing
band in the DFT calculation effectively truncates the inner-
most hole-like cylindrical Fermi surface, giving rise to a 3D
hole pocket as shown in Fig. 4(e). The expected dispersions
along the M-Γ-M and A-Z-A cuts are also qualitatively dif-
ferent: as shown in Fig. 4(d) there are three hole-like bands
around the Fermi level at Γ, but at the Z point there are only
two, with the dyz band being absent. This qualitative differ-
ence is also present in the comparison of ARPES spectra at 22
eV and 31 eV, identified as Γ and Z respectively; the dyz band
indicated by the green arrows in Fig. 4(c-i) is absent Fig. 4(c-
ii).
The existence of an additional band at the Γ point which is
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of the 3D Brillouin zone, in LV and LH polarisation. (c) Fermi surface maps at the M and A points, and (d) corresponding high-symmetry cuts.
The clear qualitative difference as a function of kz is the presence of the elliptical Fermi surface at the A point, arising from the backfolding
of the hole pocket at Γ. (e) Magnetic configuration of NaFeAs, based on Li et al. [3] (f) The wavevector QAFM of the magnetic backfolding
in the 3D Brillouin zone.
not present at the Z point has interesting implications in the
magnetically reconstructed phase. At the Γ point, this band
essentially survives into the magnetic phase, becoming some-
what elongated. Evidence that this is also three-dimensional
pocket can be seen in Fig. 5(b); at 22 eV and 42 eV which both
correspond to Γ points the elliptical pocket is present, while at
31 eV corresponding to the Z point, only a faint shadow is ob-
served. The faint shadow at the Z point arises from the uncer-
tainty in kz in photoemission as well as possible higher-order
backfolding effects (further discussed in SM). This creates a
clear distinction between the Γ and Z planes; both contain
very tiny electron-like Fermi surfaces, but additionally there
is significant spectral weight on the elliptical hole-like pocket
derived from the inner band at Γ, but it is absent at the Z point,
shown schematically in Fig. 5(a).
In Fig. 5(c) we present low temperature Fermi surface maps
at the M and A points. In addition to the tiny spot-like Fermi
surfaces, an elliptical hole-like band is present at each A point,
but not at the M points [52]. This can also be seen in the high-
symmetry cuts presented in Fig. 5(d), where the green arrows
indicate the backfolded hole band which is only present in the
magnetic phase at the A point. This elliptical pocket which
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FIG. 6. Top: Schematic Fermi surfaces of NaFeAs at the Γ and M
points, as measured by ARPES in the tetragonal phase of FeSe. Mid-
dle: Schematic for the nematic phase. Black dotted lines represent
the Fermi surfaces from the tetragonal phase, showing the absence
of the pocket along borth and more subtle Fermi surface elongations.
Bottom: The reconstructed electronic structure in the SDW phase.
Black dashed lines are overlapped electron and hole bands from the
nematic phase. Note that in the SDW phase, the Fermi surfaces at Γ
and M are not equivalent, since the Γ point actually maps to the A
point.
appears only at A is therefore a backfolded copy of the 3D el-
liptical pocket which is only present at Γ. This proves that the
A point maps onto the Γ point in the reconstructed Brillouin
zone, i.e. that the magnetic reconstruction has the wavevector
(pi,0,pi), as shown schematically in Fig. 5(f).
Our observations are consistent with the determination of
the magnetic structure of NaFeAs by neutron scattering mea-
surements. In common with other parent compounds of Fe-
based superconductors, the in-plane magnetic configuration
of NaFeAs is stripe-like, antiferromagnetic along the longer
aorth axis and ferromagnetic along borth [53]. However neu-
tron scattering measurements by Li et al [3] established that
there is also a c-axis component of the ordering; The antifer-
romagnetic phase of NaFeAs has “C-type” magnetic config-
uration as shown in Fig. 5(e), with a phase shift of the mag-
netic stripes between the layers. Therefore in reciprocal space,
the antiferromagnetic ordering vector QAFM can be written
as (pi,0,pi) in the 1-Fe unit cell notation. This manifests in
ARPES measurements in the backfolded features described
above.
DISCUSSION
We summarise our ARPES results in Fig. 6. Above Ts, we
have a simple Fermi surface with a single hole pocket, and two
crossed ellipses are detected at the M point. Upon entering the
nematic phase, the most dramatic effect is that now only the
electron pocket oriented along the longer aorth is observed. In
addition, the Fermi surface undergoes some subtle distortions,
with an elongation of the electron pocket and the incipient in-
ner hole band now crossing the Fermi level. Finally in the
SDW phase, this one electron pocket is backfolded along the
antiferromagnetic aorth direction onto the hole bands, hybri-
dising everywhere except along the high-symmetry directions,
leading to the characteristic tiny spot-like Fermi surfaces with
Dirac-like dispersions. However importantly, the backfolding
has a c-axis component; as the wavevector of the backfolding
is (pi,0,pi) in the 2-Fe unit cell, it is the A point which maps to
the Γ point, not the M point.
Our results give us confidence that we can probe the true
bulk 3D electronic structure of NaFeAs. Due to the surface-
sensitivity of ARPES, one could worry about whether the
backfolded bands could instead be arising from photoelec-
trons which are scattered by a surface reciprocal lattice vec-
tor due to the superstructure in the magnetic phase. How-
ever the observation of the kz component of the backfolding
in the magnetic phase indicates that ARPES is probing the
bulk spectral function.
It is worthwhile to compare our detwinned ARPES results
in NaFeAs with recent high-resolution detwinned measure-
ments of FeSe [20]. The observed elliptical electron pocket
elongates in the nematic phase in both cases, although this is
substantially more pronounced in the case of FeSe. On the
other hand, in FeSe the outer elliptical hole band in FeSe is
longer in the borth direction [20], whereas in NaFeAs the outer
hole pocket is longer along the aorth axis, suggesting a pos-
sible lack of universality in the form of the orbital ordering.
However in any case, we would argue the details of the mag-
nitude and momentum-dependence of the orbital/nematic or-
dering are not of primary importance, but instead we propose
that the “one ellipse” structure of the spectral weight which
has now been observed in both materials is the defining fea-
ture of the electronic structure of the nematic phase.
The dramatic anisotropy associated with the “one ellipse”
structure of the spectral weight in the nematic phases of
NaFeAs and FeSe cannot be accounted for by orbital order-
ing alone. Instead we suggest that one must look for an
explanation involving a coupling of the itinerant electrons
to strongly anisotropic magnetic fluctuations in the nematic
phase. In this view, the structural transition is the tempera-
ture at which the stripe-like magnetic fluctuations are suffi-
ciently strong to break the Ising-nematic Z2 symmetry, but
their correlation length remains finite [9, 11, 54]; possibly the
inter-plane coherence is not yet established. When the sys-
tem has determined its nematic orientation, this also dictates
which electron pocket preserves the spectral weight. Once
9this choice is made, the characteristically anisotropic prop-
erties of the nematic phase follow. The one-ellipse struc-
ture would naturally lead to a marked in-plane resistivity
anisotropy [8, 12]. Moreover the low-energy spin suscepti-
bility will be much larger along the aorth direction; the re-
cent observation of neutron spin-resonances at (pi,0,pi) but no
intensity at (0,pi,pi) in detwinned inelastic neutron scattering
measurements of Na(Fe0.985Co0.015)As [55] could be com-
patible with this picture. If the system remains non-magnetic
but becomes superconducting, the absence of states to pair
with on the electron pocket along borth would naturally lead
to a substantially anisotropic twofold symmetric gap structure
within the context of a spin-fluctuation pairing mechanism,
which could explain recent results in FeSe [56]. At present we
do not have a detailed understanding of the microscopic mech-
anism or symmetry argument which links the suppression of
spectral weight on the electron pocket along borth with the
magnetically-driven nematic state, but we would encourage
theoretical studies of this unexpected - but defining - feature
of the nematic phase.
CONCLUSION
In conclusion, we have revisited the experimental deter-
mination of the electronic structure of NaFeAs with high-
resolution twinned and detwinned ARPES measurements.
The defining feature of the nematic phase is the observation
of spectral weight only on the elliptical electron pocket ori-
ented along the longer aorth axis of the orthorhombic struc-
ture. In the SDW phase, this one electron pocket is back-
folded by the antiferromagnetic wavevector of (pi,0,pi), leav-
ing an electronic structure with four tiny 2D pockets on the
high symmetry axes and a three-dimensional hole-like band
around the Γ point. Our measurements clarify how the SDW
phase of NaFeAs emerges, and indicate that the nematic phase
is driven by magnetic, not orbital, degrees of freedom.
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